Summary The mechanism of action of the anti-tumour agent etoposide could involve its bioactivation to metabolites which can damage DNA. Active metabolites of etoposide, generated in vitro, are the 3', 4'-dihydroxy-derivative (catechol) and its oxidation product, the ortho-quinone. The conversion of the catechol into the ortho-quinone (and vice versa) proceeds via formation of a semi-quinone free radical. We investigated the role of this radical species in the inactivation of biologically active single-(ss) and doublestranded (RF) 4X174 DNA. Since the formation of semi-quinone free radicals from the ortho-quinone of etoposide is pH dependent, experiments were performed, in which the ortho-quinone was incubated at pH 4, 7.4 and > 9. ESR measurements showed no formation of radical species from the ortho-quinone at pH 4, but an increased rate of generation of the primary semi-quinone free radical at pH values 7.4 to 10; at still higher pH values a secondary semi-quinone free radical was produced. HPLC analyses demonstrated chemical stability of the ortho-quinone at pH 4, but an accelerated decay was observed when the pH was elevated from 7.4 to 9, with its concomitant conversion into more polar components and into the catechol of etoposide. Ss OX 174 DNA, exposed to the ortho-quinone, was inactivated at an increasing rate at pH values increasing from 4 to 7.4 and subsequently to 9. RF OX174 DNA was only significantly inactivated in incubations with the ortho-quinone at pH 4, not at pH values 7.4 and 9. From these data it is concluded that the primary semi-quinone free radical of etoposide may to a great extent be responsible for the ortho-quinone-induced ss bX174 DNA inactivation, but that this radical species is not lethal towards RF *X174 DNA.
(4'-demethyl-1-(4,6-0-ethylidene-p-D-glucopyranoside); NSC 141540; VP-16-213; Figure 1 ) is used as a cytostatic agent in the treatment of several malignant tumours, including small cell lung carcinoma, malignant lymphomas and germ cell tumours (Issell et al., 1984) . The mechanism of action of etoposide is probably based on the induction of DNA damage. This is supported by experiments with different tumour cell lines which indicate a correlation between etoposide-induced cytotoxicity and DNA damage, in particular DNA strand-breaks and DNA-protein cross-links (Long et al., 1984 , Wozniak & Ross, 1983 .
Since etoposide itself does not damage purified DNA, but is able to induce DNA strand-breaks in isolated nuclei Ross et al., 1984; Wozniak & Ross, 1983) , a mediating role for a nuclear component in the inactivation of DNA by etoposide was suggested. Strong support for this view came from studies which revealed interference of etoposide with the reaction of topoisomerase II with the nuclear DNA, resulting in DNA strand-breaks and DNA-protein cross-links (Chen et al., 1984; Glisson et al., 1984; Ross et al., 1984) .
In addition to interference with the topoisomerase II reaction, etoposide may be metabolically activated to intermediates, which can damage DNA. Indications for this suggestion were obtained from comparative structure-activity studies with several derivatives of etoposide, which showed that especially alterations at the dimethoxyphenol ring modified its DNA damaging capacity (Loike & Horwitz, 1976; Long et al., 1984) . Possible metabolic conversions of etoposide, resulting in the formation of reactive intermediates, are described in Figure 1 (for a recent review, see van Maanen et al., 1988c radical (Haim et al., 1987; Sinha & Myers, 1984; van Maanen et al., 1985 van Maanen et al., , 1987 van Maanen et al., , 1988b . Moreover, both these metabolites of etoposide have been reported to be cytotoxic against several tumour cell lines (Nemec et al., 1985; Sinha et al., 1988) . These data indicate that the anti-tumour activity of etoposide could also be dependent on conversion to the DNA damaging metabolites ortho-quinone and catechol. An important intermediate between these latter species could be a primary semi-quinone free radical. It has been very recently suggested that this radical species does not react with DNA at a detectable rate, whereas on the other hand in the presence of DNA its rate of production is considerably reduced (Kalyanaraman et al., 1989) . Therefore (van Maanen et al., 1988a) . Experiments were thus performed with the ortho-quinone at different pH values, i.e. at pH 4, 7.4 and > 9, involving: (a) ESR measurements to determine the rate and the extent of semi-quinone formation, (b) HPLC analyses to determine the chemical stability of the orthoquinone and to detect possible conversion products and (c) studies on the inactivation of ss and RF bX174 DNA.
Our findings suggest a considerable contribution of the primary semi-quinone free radical of etoposide to the inactivation of ss OX174 DNA by the ortho-quinone, while this radical species does not seem to be involved in RF OX174 DNA inactivation. Part of these results has been recently published in abstract form (Mans et al., 1989) .
Materials and methods
Drugs and chemicals Etoposide (VP-16-213) was kindly supplied by the BristolMyers Co. (Syracuse, New York, USA). The ortho-quinone of etoposide was synthesised by controlled potential electrolysis of the parent compound at a Pt gauze electrode (Holthuis et al., 1985) . The catechol of etoposide was obtained by reduction of the ortho-quinone with ascorbic acid. Semi-quinone free radical species of etoposide were generated from the ortho-quinone by incubation in open air at pH values 7. 4 (van Maanen et al., 1988a) .
Incubations were performed in 5 x Io2 M potassium phosphate of which the pH values had been adjusted with HCI or NaOH when necessary. To assure that no changes of pH had taken place during the incubations, the pH values applied were checked both before and after the incubations.
All other chemicals used were reagent grade. (125 ng) were incubated in open air at 37°C with 4.4 x 10-4 M or 1.8 X 10-3 M ortho-quinone, respectively, in 5 x 10-2 M potassium phosphate pH 4, 7.4 or 9, in a total volume of 1 ml.
To test the DNA inactivating capacity of the conversion products of the ortho-quinone, 4.4 x 10-4 M ortho-quinone was preincubated at 37°C for 2-3 h at pH 7.4 or for 35 minutes at pH 9 in 1 ml 5 X l0-2 M potassium phosphate;
125 ng ss OX174 DNA was subsequently added and incubations were continued.
At different time intervals during the incubations samples of 20 jsl were taken; the reaction was stopped by immediate chilling on ice and addition of 0.98 ml ice-cold 2.5 x 10-2 M Tris-HCl pH 8.
DNA inactivation was measured by transfection to E. coli spheroplasts, as described in detail elsewhere (van Maanen et al., 1988b) . T37 values, i.e. incubation times resulting in 63% DNA inactivation, were calculated by plotting the surviving fraction of DNA semi-logarithmically versus incubation time by means of a least squares fit.
Results
Electron spin resonance spectroscopy (ESR) Upon incubation of the ortho-quinone of etoposide in 5 X 10-2 M potassium phosphate pH 4 no ESR signal could be detected (Figure 2 ).
In incubations of the ortho-quinone at pH 7.4 to 9, however, an ESR signal was generated which was characteristic of the primary semi-quinone free radical of etoposide (van Maanen et al., 1988b; Figure 2) . Its intensity increased by elevating the pH of the incubations from 7.4 to 9; on the other hand, the signal disappeared far more rapidly at the higher pH values (Figure 3 ). At pH 10 both the intensity and the rate of disappearance of the signal were essentially similar as at pH 9.
At still higher pH values (>10) an additional ESR signal was detected (data not shown), which could be ascribed to a secondary semi-quinone free radical, possibly derived from the 3', 4', 6'-trihydroxy-derivative of etoposide (van Maanen et al., 1988a) . After about 30 min at pH 12.5 only the latter signal was still detectable.
High performance liquid chromatography (HPLC) When the ortho-quinone of etoposide was incubated in 5 x 10-M potassium phosphate pH 4 for increasing periods of time, no changes in the HPLC pattern were observed until at least 5 days (Figure 4a) .
In incubations at pH 7.4 the ortho-quinone disappeared in 2-3 h of incubation ( Figure Sa) ; this was accompanied by the formation of more polar conversion products, but also by the appearance of a compound with the same retention time as that of synthetically prepared catechol of etoposide (Figures 4b and 5a ). Just as for catechol, this product could be electrochemically oxidised at + 200 mV to a compound which co-eluted with the ortho-quinone (data not shown). We therefore concluded that we were dealing with the catechol of etoposide in our incubation mixtures with the ortho-quinone at pH 7.4. The amount of catechol formed reached a maximum after 2-3 h of incubation ( Figure Sa) ; it then slowly disappeared with the concomitant formation of more polar conversion products (Figure 4c) .
At pH 9 the ortho-quinone disappeared about 5 times faster than at pH 7.4; its decay was accomplished within about 30 min of incubation (Figure 5b ). This was again accompanied by an extensive production of compounds with shorter retention times, but in contrast to the incubations at pH 7.4, catechol formation was not observed at pH 9 ( Figure  4d ).
Inactivation of OX] 74 DNA Exposure of ss OX 1 74 DNA to the ortho-quinone of etoposide at pH 4, 7.4 and 9 resulted in an increased rate of DNA inactivation with increasing pH (Figure 6 ; Table I ). Preincubation of the ortho-quinone at pH 7.4 for 2-3 h, which resulted in extensive catechol production and in a very low rate of semi-quinone formation (Figure 3 ), led to a diminished rate of DNA inactivation (Table I ). The rate of DNA inactivation by the catechol of etoposide, synthesised from the ortho-quinone by reduction with ascorbic acid, was of the same magnitude (Table I) . Complete conversion of the ortho-quinone into more polar components by preincubation at pH 9 for 35 min resulted in a drastic decrease in DNA inactivation.
RF 4X174 DNA was only inactivated in incubations with the ortho-quinone at pH 4, but at a lower rate than ss OX174 DNA (Figure 7 ; Table I) . T37 values observed under the different experimental conditions are summarised in Table I . Table I T37 valuesa for inactivation of ss or RF bX174 DNA (125 ng ml-) by the ortho-quinone (Q) or catechol (C) of etoposide (4.4 x 1O-4 M for ss OX174 DNA, 1.8 x 10-3 M for RF OXX174 DNA) and the conversion products of the ortho-quinone upon incubation at 37°C under different experimental conditions 
Discussion
Several reports on quinoid anticancer agents suggest an involvement of semi-quinone free radicals in their mechanisms of action (Powis, 1987) . In the experiments presented in this paper the DNA inactivating potential of the semi-quinone free radical, produced from the ortho-quinone of etoposide, was investigated. The ESR measurements showed no formation of radical species from the orthoquinone at pH 4, but an increasing formation of the primary semi-quinone free radical upon elevating the pH from 7.4 to 9 (Figure 2 ). At pH values > 11 a secondary semi-quinone free radical was generated. The durations of the ESR signals were inversely related to their intensities (Figure 3) . The chemical stability of the ortho-quinone at pH 4 was confirmed by the HPLC experiments, which further demonstrated at pH 7.4 and 9 the conversion of the ortho-quinone into more polar components and at pH 7.4 the formation of also the catechol of etoposide (Figure 4) . A tentative scheme which could explain these observations is depicted in Figure 8 . This scheme is derived from previous data on the formation of semi-quinone free radicals from structurally related ortho-quinoid compounds (Ashworth & Dixon, 1972; Dryhurst et al., 1982; Stone & Waters, 1965; Swartz, 1984; van Maanen et al., 1988b) . Based on these data it can be suggested that ortho-quinones, which are chemically stable at pH 4, become instable at alkaline pH values due to nucleophilic attack by hydroxyl ions at the least protected C-6' position (reaction 1). The resulting 3', 4', 6'-trihydroxyderivative can be oxidized by the ortho-quinone, yielding a para-quinone, while reducing the ortho-quinone to a catechol (reaction 2). A primary semi-quinone free radical can be produced both in a comproportionation reaction between the ortho-quinone and the catechol (reaction 3) and by oxidation of the latter compound (reaction 4). Oxidation of the 3', 4', 6'-trihydroxy-derivative may lead to the formation of a secondary semi-quinone free radical (reaction 5). Disproportionation of primary semi-quinone free radicals (reaction 6) and recombination of primary and secondary semi-quinone free radicals (reaction 7) may reproduce the ortho-quinone and the catechol on the one hand and the para-quinone and the catechol on the other hand. These compounds can take part again in reactions (1) to (5), thus promoting semiquinone formation. Since the rate of especially reaction (1) is strongly pH-dependent, a faster conversion of the orthoquinone into semi-quinone free radical species can be expected with increasing alkaline pH. These data may explain the results from the present ESR and HPLC measurements with the ortho-quinone of etoposide. The increasing formation of the primary semiquinone free radical (Figures 2 and 3 ) and the faster decay of the ortho-quinone (Figures 4 and 5) upon elevating the pH of the incubations from 7.4 to 9 can be explained by the higher rates of reactions (1) to (5) with increasing OHexcess. At still higher pH values reactions (1) and (5) will be shifted strongly to the right; this can increase the rate of formation of the 3', 4', 6'-trihydroxy-derivative, which may account for the detection of the secondary semi-quinone free [~1 [2] [ 31 [41 [51 [61 [71 + radical at pH values > 11. Since also reactions (6) and (7) are shifted more to the right with a greater availability of primary and secondary semi-quinone free radicals, the decreasing stability of the two radical species with increasing pH can be explained. At higher pH values the catechol is converted faster into the semi-quinone free radical (reaction 4; van Maanen et al., 1988a; Kalyanaraman et al., 1989) . Moreover, under these conditions the rate of the comproportionation reaction between the ortho-quinone and the catechol (reaction 3) will be accelerated. The presence of the catechol in the incubations at pH 7.4, but its absence in the incubations at pH 9 (Figure 4) can thus be explained. The appearance of products with shorter retention times in the incubations of the ortho-quinone at pH 7.4 and 9 ( Figure  4b-d) may be attributed to the formation of the more polar 3', 4', 6'-trihydroxy-and para-quinone-derivatives and possibly also to further degradation of these compounds.
From the chemical stability of the ortho-quinone of etoposide in potassium phosphate pH 4 and from the absence of an ESR signal under these conditions, it can be concluded that the inactivation of ss OX174 DNA observed at pH 4 ( Figure 6 ; Table I ) is due to this compound itself. Elevating the pH of the ortho-quinone incubations to 7.4 and subsequently to 9 resulted in about a 3.5-and 14-fold, respectively, increased rate of inactivation of ss OX174 DNA ( Figure 6 ; Table I ). Under these incubation conditions the semi-quinone free radical is generated at an increasing rate from the orthoquinone (Figures 2 and 3) , accompanied by the production of the catechol and of more polar conversion products ( Figure  4 ). The more polar conversion products did not inactivate ss OXX174 DNA significantly, while the catechol inactivated ss OX174 DNA at a lower rate than the ortho-quinone itself (Table I) . Taken together, these results suggest that it is the semi-quinone free radical which is the main species in the incubation mixtures with the ortho-quinone at pH values > 7.4, responsible for the inactivation of ss OX174.
Alternatively to the semi-quinone free radical, oxygenderived free radicals could have caused the inactivation of ss OX174 DNA. Hydroxyl radicals can be formed from superoxide anions, which can be produced during semi-quinone formation from the ortho-quinone (Powis, 1987) . Hydroxyl radicals can also be produced during semi-quinone generation from the catechol, catalysed by traces of iron (Kalyanaraman et al., 1989; Sinha et al., 1988) . Experiments in our laboratory with the hydroxyl radical scavengers tbutanol and DMSO, the spin trapping agent DMPO, the enzymes catalase and superoxide dismutase, the iron chelator EDTA and the°2-and HO2 generator potassium superoxide, showed, however, that hydroxyl radicals are most probably not involved in the inactivation of ss OX174 DNA under our experimental conditions (van Maanen et al., 1990) . Superoxide anions, on the other hand, could contribute to the inactivation of ss bX174 DNA by promoting the conversion of the ortho-quinone into the semi-quinone free radical (van Maanen et al., 1990) .
In contrast to ss OX174 DNA, RF OX174 DNA was not significantly inactivated in incubations with the orthoquinone at pH values > 7.4, but only at pH 4, hence by the ortho-quinone itself (Figure 7 ; Table I ). The lower rate of RF 0X174 DNA inactivation by the ortho-quinone of etoposide as compared to that of ss OX174 DNA inactivation (T37 values of 112 vs 26 minutes) indicates that the ortho-quinone is more lethal to ss than to RF OX174 DNA. This could be explained by the availability of more binding sites for the ortho-quinone on ss DNA (Kalyanaraman et al., 1989) and/ or to excision repair, which acts only on double-stranded RF OX174 DNA (van Maanen et al., 1988b) .
The absence of inactivation of RF OX 174 DNA in incubation mixtures with the ortho-quinone at pH values ) 7.4
suggests, that the semi-quinone free radical of etoposide does not inflict lethal damage to RF OX174 DNA. Since the ortho-quinone, on the other hand, is demonstrated to be lethal to both ss and RF OX174 DNA, it can be argued that the semi-quinone free radical interacts differently with DNA as compared to the ortho-quinone and produces different types of DNA damage. This assumption is supported by our recent observations, which indicate that the reaction of the ortho-quinone with both ss and RF OX174 DNA leads to the formation of mainly lethal adducts, whereas the semiquinone free radical induces both adducts and alkali-labile sites, which affect the biological activity of only ss bX174 DNA, not that of RF OX174 DNA.
From all these data it can be concluded that the semiquinone free radical of etoposide is able to react with DNA. This conclusion is at variance with the suggestion recently made by Kalyanaraman et al. (1989) , despite the fact that the data from their ESR measurements are completely in line with our results. These investigators demonstrated in the presence of double-stranded calf thymus DNA a reduced rate of formation of the semi-quinone free radical, which is even more pronounced when single-stranded (denatured) DNA is added. These effects have been, however, interpreted not to be due to a reaction of the DNA with the semi-quinone free radical, but with the ortho-quinone, which may be formed in a back-reaction from the radical. This suggestion is mainly based on the observation that addition of orthophenylenediamine, which is known to react with orthoquinones but not with ortho-semi-quinones, shows a similar reducing effect on the rate of formation of the semi-quinone free radical of etoposide as calf thymus DNA (Kalyanaraman et al., 1989) . This, of course, does not exclude beforehand the possibility that reactions of this radical species with DNA can take place. In fact, such reactions do take place, as can be concluded from the results of our experiments.
Our finding, that the semi-quinone free radical of etoposide is able to inflict inactivating damage to singlestranded DNA suggests, that this radical species, in addition to the ortho-quinone and the catechol, might also be involved in the cytotoxicity of etoposide. It is generally known that the cellular DNA is subjected to a number of DNA-protein interactions and enzymatic processes, which are accompanied by a temporary and partial DNA strand separation. In particular during DNA replication in the Sphase of the cell cycle, extensive strand separation takes place and the DNA is present in single-stranded form at the many replication forks. If these single-stranded sites are accessible to free radical attack, a considerable inhibition of the DNA replication can be expected. In this way, the semi-quinone free radical of etoposide might contribute to the observed cell cycle delay in the late S-and G2-phases by the parent compound (Loike & Horwitz, 1976; Stahelin, 1973; Smith et al., 1986) . Also the earlier suggestions on a mechanism of action of etoposide involving oxidation-reduction processes (Wozniak & Ross, 1983) and free radical species (Wozniak et al., 1984) 
